Abstract-We report a 0.74-THz beam-steering and forming antenna based on dynamically reconfigurable photo-induced Fresnel zone plates (PI-FZPs) formed by patterned illumination of a highresistivity silicon wafer using a digital light processing (DLP) projector. This approach eliminates the need for fabrication of circuits or devices on the semiconductor wafer. Using computer-generated PI-FZPs, the beam from a diagonal horn antenna at 740 GHz has been steered from −8
less link in a mobile or time-varying environment, transmitters and receivers need to scan their neighborhood to track their respective communication partner and dynamically adjust their antenna beam parameters (e.g., beam width and direction) for optimized link performance. Traditionally, at microwave and millimeter-wave frequencies, beam steering and forming are performed using phased array antennas. However, at THz frequencies, such phased arrays are extremely challenging to build due to immature THz circuit and device technologies. CMOS-based phased arrays have been demonstrated at the lower end of the THz frequency range (e.g., 280 GHz [4] ) but require complicated circuit design and fabrication processes, and their performance is limited at present. In addition, scaling CMOS-based circuits to frequencies above 1 THz is very challenging.
An alternative approach to beam steering and forming is to place grating structures or Fresnel zone plates (FZPs) in front of an (fixed) antenna. Such structures in static form (e.g., FZP antennas) have been extensively studied and demonstrated (see, e.g., [5] and references therein). Dynamically adjustable FZPs based on mechanical positioning of a series of thin metal shutters [6] have been reported for beam-steering applications at microwave frequencies but at the cost of slow tuning speed and considerable insertion loss. Programmable diffraction gratings using electrostatically actuated metallic cantilevers [7] have been developed for THz beam steering and forming. However, this approach leads to very complex systems and the beam steering and forming is limited to one dimension. To overcome these drawbacks and allow scaling to higher frequencies, photoinduced FZPs (PI-FZPs) [8] [9] [10] on semiconductors have been proposed and demonstrated at millimeter-wave frequencies (i.e., W-band). In the THz regime, photo-induced gratings on GaAs [11] , based on THz optical spatial modulation [12] [13] [14] [15] [16] [17] have been reported for one-dimensional (1-D) beam steering. Due to the small carrier lifetime in GaAs, a high-power pulsed laser has to be used to project the grating patterns, making it not suitable for antenna applications for manipulating continuous THz waves. In [18] , PI-FZP patterns have been reported for beam focusing at 1 THz. Unfortunately, the FZPs were projected using a fixed metal mask without the ability for dynamic tuning. In our previous work, a THz two-dimensional (2-D) beam-steering and forming antenna based on PI-FZPs was demonstrated with radiation measurements performed in the near-field region [19] .
In this paper, we extend the earlier work and demonstrate a reconfigurable photo-induced FZP antenna capable of 2-D dynamic beam steering and forming, including complete farfield measurements at 740 GHz. This is the highest frequency at which such antennas have been demonstrated, and is beyond the reach of many other technologies (e.g., CMOS phased arrays). For the PI-FZPs reported here, the FZP patterns corresponding to the desired antenna beam (scan angle, beam width, focal length) were generated by illuminating a high-resistivity silicon wafer with the appropriate pattern for wave-front spatial encoding using a commercial digital light processing (DLP) projector. This approach does not require any circuit fabrication or patterning on the silicon wafer, and supports rapid beam reconfigurability for continuous THz waves. By changing the projected FZP patterns that illuminate the wafer, we show that both beam steering as well as focusing can be simultaneously achieved. The antenna performance including gain and efficiency has been fully characterized. In addition, the design considerations of PI-FZPs at THz frequencies as well as the key parameters affecting the antenna performance are discussed.
Finally, for a prototype application demonstration, the developed beam-steering and forming PI-FZP antenna has been employed in a remote scanning sensing and imaging system [20] [21] [22] . The dynamic beam-steering and forming capability presented here can be easily adapted to other frequencies (e.g., above 1.0 THz) for potential universal and high-speed beam steering and forming without requiring costly circuit redesign and fabrication processes. This technique is promising to be applied in future adaptive THz wireless communication and short-range high-speed interconnections.
II. OPTICAL SPATIAL MODULATION OF THz BEAM
The principal mechanism underlying the reconfigurable PIFZPs reported here is based on the spatial modulation of THz beams using photo-induced free carriers in semiconductors as demonstrated in our previous work [23] [24] [25] . When a semiconductor substrate is illuminated by light with photon energy exceeding the bandgap, free carriers are generated [26] , [27] . Consequently, the dielectric properties of the semiconductor such as the dielectric constant, conductivity, as well as the THz transmittance can be controlled by the intensity of the incident photons [28] , [29] . This mechanism can be applied for effective attenuation/modulation of THz waves.
In order to experimentally assess the potential of this modulation mechanism, the modulation of a THz beam in the WR-1.5 (500-750 GHz) frequency range using a high-resistivity silicon (Si) wafer was investigated. The Si wafer employed in this work has a thickness of ∼ 520 μm and a nominal resistivity of 20 000 Ω·cm. The illumination used for modulation was generated using a commercial DLP projector (Sharp, PGMB60X). The projector was modified by removing the RGB filter and replacing the projection optics with a shorter focal length lens. With these modifications, the projector provides a broadband light output covering the spectrum from 450 to 600 nm (peak For the measurement of transmittance through the Si wafer as a function of optical illumination, a vector network analyzer (VNA, Agilent Model N5245A) along with WR-1.5 extenders (Virginia Diodes, Inc.; VDI) was used as the THz transmitter (port 1) and receiver (port 2). An indium tin oxide (ITO) coated glass slide was used as a beam splitter/combiner allowing the optical light from the projector to pass through while reflecting the THz radiation onto the Si wafer. The full details of the experimental configuration is described in [30] .
The experimentally measured insertion loss of the high resistivity Si wafer (no light is incident on the wafer) is shown in Fig. 1(a) . Due to the standing wave effect introduced by the wafer thickness, several transmission peaks (∼ 0.6 dB) at 505, 590, 670, and 750 GHz were observed, agreeing well with theoretical calculation. Fig. 1(b) shows the measured THz transmittance of the Si wafer under three different optical power irradiance (P e ) levels: without light (P e = 0 W/cm 2 ), 2 W/cm 2 , and 4.2 W/cm 2 in the WR-1.5 band. All measurement data in Fig. 1(b) are obtained directly from the VNA, after normalizing with respect to the transmittance without light illumination (highest THz transmission in order to remove the effects of free-space path loss not related to the Si wafer modulation). As can be seen, over the entire WR-1.5 band, maximum modulation depths of ∼ 20 dB and ∼ 35 dB have been obtained with incident light intensities of 2 and 4.2 W/cm 2 , respectively. To gain a better understanding of the modulation mechanism, a physics-based model has been developed to analyze the transmission and optical modulation of THz beams through an optically excited semiconductor substrate [28] . The spatial distribution of the carriers, plasma depth, and effective dielectric constants due to the photo-illumination were calculated following the treatment in [29] , [31] . The transfer matrix formalism was then used to calculate the transmission of incident THz waves [32] , as shown in Fig. 1 . As can be seen in Fig. 1 , the theoretical model and the measurement results agree very well both for the insertion loss and also for the THz transmittance. This demonstrates the effectiveness of this physics-based model. In addition to transmission and modulation depth, the model is also able to predict the lateral resolution that results from carrier lateral diffusion. For high-quality high-resistivity Si, the resolution of the optical spatial modulation is estimated to be approximately 150 μm. As will be discussed in the following section, antenna design considerations suggest that a PI-FZP area of 20 mm × 16 mm provides a good balance of antenna performance and modulation depth. With an aperture of this size, the smallest feature dimension of the FZP design (in this case, the width of the outermost ring) is larger than the 150-μm lateral resolution. In addition, the irradiance level for an area of 20 mm × 16 mm was measured to be 2 W/cm 2 , resulting in a modulation depth of ∼ 20 dB.
III. PI-FZP DESIGN
To demonstrate the simultaneous beam-steering and forming capability, PI-FZPs for different steering angles and focal lengths were designed for a THz beam at 740 GHz. Although the techniques described here can be used over a wide range of frequencies, for the demonstrations reported here a frequency of 740 GHz was selected. This frequency is near the highest end in the WR-1.5 band (a source readily available in our lab), and it avoids the high water vapor absorption that occurs at slightly higher frequencies (i.e., around 750 GHz, essential for having adequate dynamic range for far-field radiation pattern measurements). In addition, the Si wafer employed has a thickness of ∼ 520 μm, resulting in a relatively low insertion loss (i.e., half-wave impedance matching, or considering the standing wave effect) (∼ 1.5 dB) at this frequency. From the measurement results in Fig. 1(a) , the wafer thickness can be further optimized in future designs for lower insertion loss at 740 GHz. In addition to antenna operating frequency selection, the PI-FZP antenna focal length (F) to aperture size (D) ratio (i.e., F/D ratio) needs to be optimized for high antenna gain and efficiency, as well as moderate side lobe level (SLL) [33] , [34] . For PI-FZP antenna operation, the ITO-coated beam splitter is inserted between the THz source (i.e., diagonal horn antenna at the VNA port 1) and the Si wafer. As a consequence, an FZP focal length of F = 50 mm was chosen so there is sufficient space for the beam splitter. On the basis of our previous work [25] , the Gaussian beam radius at 50 mm from the emitter is approximately 6.8 mm. According to [35] , the FZP antenna overall aperture efficiency can be optimized by designing the ratio α (α = (aperture radius/Gaussian beam radius)
2 ), since antenna taper efficiency decreases with increasing α, while spillover efficiency increases. Therefore, an aperture size D in the range of 16-20 mm provides an overall maximum aperture efficiency of 70%-80% (with α ≈ 1.4-2.2 or edge taper ≈ 11-17 dB). From the aforementioned design process, the final F/D ratio was calculated to be in the range of 2.5-3.1. For an ideal blocking (or Soret) FZP antenna design [33] , both antenna gain and SLL increase with the F/D ratio. An F/D ratio of 2.5-3.1 is expected to provide a gain of around 28 dB and SLL lower than ∼−10 dB [36] .
Once the operation frequency, focal length, and aperture size are determined, the FZP patterns to be projected on the Si wafer take the form shown schematically in Fig. 2 . For the design analysis performed here, PI-FZP was assumed to be illuminated by an ideal point source at the focal point (r = 0, z = −F ). Under these assumptions, the phase along the antenna aperture is given by ψ (r) = k( √ r 2 + F 2 − F ), where k = 2π/λ and λ is the wavelength. The desired phase for a THz beam angled θ 0 from the broadside direction is ψ d = kr sin θ 0 . So the phase difference that must be produced by the FZP is ψ L = ψ d − ψ. The maximum phase position r c = F tan θ 0 , and the constantphase contours are determined by
The center (c n ) and radius (R n ) of the nth zone can be calculated by [6] c n = a n sin θ 0 cos 2 θ 0 (1)
where a n = F − (ψ max − nπ)/k. For beam steering along any arbitrary angle Φ, the required FZP can be designed by rotating the pattern in Fig. 2(b) by Φ along the z-axis. Several representative FZP patterns for the beam-steering angle ranging from 0°t o 8°(also for −8
• to 0°based on symmetry) at 740 GHz, and with F = 50 mm and aperture size of 20 mm × 16 mm are summarized in Table I .
IV. EXPERIMENTAL SETUP
The experimental configuration for beam steering and forming is shown in Fig. 3 . The PI-FZP antenna far-field radiation intensity and beam-steering angles were measured by mechanical 2-D scanning of the VNA port 2 receiver, as illustrated in Fig. 3(a) . Since the PI-FZP antenna aperture size is 20 mm × 16 mm, the far-field region of the antenna is calculated (2D 2 /λ) to be larger than 2 m away from the aperture; a distance of 2.5 m was used for the experimental data reported here. THz measurement at such a long distance and high frequency is quite challenging due to limited available power level and receiver sensitivity. To facilitate the required receiver placement for antenna far-field measurement, long (> 3 m) RF, local oscillator (LO), and IF coaxial cables were used for the VNA port 2 receiver [as shown in Fig. 3(b) ]. The use of these longer cables introduced additional loss (∼ 3 dB) to the receiver LO power level. If uncompensated, this would result in significant compromise in receiver performance. For the measurements shown here, the standard configuration of the VNA was modified to increase the LO power by 3 dB to compensate for this effect. 
V. EXPERIMENTAL RESULTS

A. Beam Steering
To demonstrate dynamic beam steering at 740 GHz, five PI-FZP patterns were designed to steer the beam from −8
• to +8
• (see Table I ). The patterns were projected onto the Si wafer and the radiation intensities at a distance of 2.5 m from the wafer were measured independently for each FZP. Fig. 4 (a) and (b) shows the measurement results for the E-plane and H-plane, respectively. To most clearly show the beam steering, each radiation pattern was normalized to its peak value. As observed, the radiation peak of the antenna was dynamically steered from −8
• , in good agreement with the design expectations (shown as dashed lines). The insets in Fig. 4(a) and (b) show the radiation intensities as normalized to the bore sight (i.e., 0°PI-FZP) peak value in the E-plane and H-plane, respectively. As compared to the bore-sight peak gain, the E-plane antenna beam gain is reduced by 1.1 dB for steering angles of ±4
• and by 2.5 dB for ±8 • steering angles. In the H-plane, the beam gain is reduced by 1.3 dB and 2.6 dB for ±4
• and ±8
• beam-steering angles, respectively. This gain degradation is a consequence of increased diffraction loss due to the presence of more FZP zones at larger steering angles. The 3-dB beam width of the 0°beam peak was measured to be ∼ 2.8
• and ∼ 2.7
• in the E-plane and H-plane, respectively. SLLs lower [8] . Inset: measured radiation pattern data in E-plane and H-plane, respectively, with all curves normalized to the boresight peak (to eliminate free space loss), showing impact on gain with steering angle.
than −10 dB for bore-sight patterns and less than −6 dB for all other patterns have been observed, agreeing with the design expectations. Also in Fig. 4 , the measured antenna radiation patterns are compared with the theoretical calculation using the ray tracing technique described in [9] . In this calculation, the designed PI-FZPs were modeled as ideal binary blocking FZPs without taking into account the finite conductivity of the photoinduced area or lateral carrier diffusion. Despite these simplifications, reasonably good agreement between the theory and the measurement has been observed in terms of beam-steering angle and 3-dB beam width for patterns in the E-plane and the H-plane, demonstrating that the designed 740 GHz PI-FZP antennas are working as expected. Slightly broader beam patterns in the H-plane could be presumably attributed to the asymmetric dimension of the designed PI-FZP antenna aperture (i.e., smaller 
size (16 mm) along the H-plane leads to broader beam widths).
Of course, the theoretical calculation can be also further improved for better agreement. Larger beam-steering angles can be achieved by using larger antenna aperture size and refined FZP patterns.
B. Beam Forming
In addition to steering the THz beam, the beam width of the THz radiation from the antenna can also be dynamically tuned (i.e., the beam can be dynamically focused or defocused). To demonstrate this, the radiation intensities for the antenna without PI-FZP (i.e., no pattern projected onto the Si wafer), with PI-FZP patterns corresponding to 70-mm and 50-mm focal lengths and beam pointing along the boresight were measured by mechanical scanning of the receiver in both E-plane and H-plane and shown in Fig. 5(a) and (b) , respectively. All patterns are normalized to the peak gain of the beam without PI-FZP. As can be seen, the 3-dB beam width changes from ∼ 10.9
• (no PI-FZP) to ∼ 5.5
• (F = 70 mm) and finally to ∼ 2.8
• (F = 50 mm) in the E-plane. In the H-plane, the beam width changes from ∼ 11.5
• (no PI-FZP) to ∼ 6 • (F = 70 mm) and finally to ∼ 2.7
• (F = 50 mm). The observed beam width change is due to the different field amplitude distribution over the different FZP patterns. Meanwhile, the antenna peak gain changes from 0 to 1.2 dB (F = 70 mm) and 2.4 dB (F = 50 mm) in both the E-plane and H-plane. Since the antenna aperture size (D) was not changed, the aforementioned approach for beam forming with decreased F (from 70 to 50 mm) leads to a more focused beam and increased gain, as expected.
C. Dynamic Beam Steering and Forming
To demonstrate the PI-FZP antenna's dynamic 2-D beamsteering and forming capabilities, the 2-D THz beam profiles for different FZP patterns were mapped by scanning the receiver (port 2 of the WR-1.5 VNA) in a plane (approximately 1 m × 1 m area with 16 × 16 pixels) normal to the boresight at a 2.5-m distance. In Fig. 6 , the 2-D beam profile images are shown after median filtering to improve figure clarity. Fig. 6(a) shows the THz beam without any PI-FZP projected on the Si wafer. As can be seen, the beam is pointing to the center, and a large beam width is obtained. In contrast, Fig. 6(b) shows a beam obtained using a PI-FZP with F = 70 mm and 0°beam steering, and Fig. 6(c) shows the beam when a PI-FZP pattern with F = 50 mm and 0°steering was projected onto the Si wafer. As can be seen from this sequence, the use of programmable PI-FZP allows for progressively more focused beams on boresight without modifying the physical arrangement of the experimental setup. Finally, the results of projecting a PI-FZP pattern with F = 50 mm and 6°beam steering along Φ = 135
• onto the Si wafer is shown in Fig. 6(d) . In this case, a focused beam offset from the center as expected is obtained. This demonstrates that both functionalities of dynamic beam steering and beam forming of the PI-FZP antenna can be performed simultaneously.
VI. PI-FZP ANTENNA PERFORMANCE EVALUATION AND DISCUSSION
On the basis of the measurement results presented in Section V, the PI-FZP antenna performance at 740 GHz, including gain and efficiency, is evaluated. In addition, the prospects for scaling this antenna approach to other operational frequency ranges, and the modulation/reconfigurability bandwidth is assessed. Moreover, in this section, the design considerations of PI-FZPs at THz frequencies, as well as the most important parameters affecting the antenna performance are discussed.
A. Antenna Gain and Efficiency
The PI-FZP antenna overall efficiency (η) is determined by the aperture efficiency, diffraction loss of the FZP pattern, and the Si wafer insertion loss. Furthermore, the antenna aperture efficiency is the product of two contributions: the spill-over efficiency (defined as the fraction of power in the feed pattern which is intercepted by the aperture) and taper efficiency (the efficiency with which the aperture is utilized) [35] . For the 740 GHz PI-FZP antenna demonstrated here, the choice of a 20 mm × 16 mm antenna aperture results in an edge taper of larger than ∼ 11 dB. This design leads to a high spill-over efficiency of > 90%. The antenna taper efficiency is calculated to be approximately 70%-90% for an α [(aperture radius/Gaussian beam radius) 2 ] of approximately 1.4-2.2. Therefore, the overall antenna aperture efficiency is nearly optimized to be 70%-80% [35] .
However, binary blocking FZP designs without phase correction such as those used here typically present high diffraction loss, resulting in relatively low overall antenna efficiency [35] . Theoretical calculation using the ray-tracing technique yields an efficiency (including aperture efficiency and diffraction loss without taking into account the Si insertion loss) of 7.1% (−11.5 dB) for the FZP with F = 50 mm. This value agrees well with the estimation based on the measurement results (7.6% or −11.3 dB).
In contrast to the appreciable loss introduced by mechanically-rotated metal shutters as presented in [6] , the insertion loss introduced by the 520 μm (∼ 4.55 λ d , nearly halfwave matched) high-resistivity Si wafer is ∼1.5 dB at 740 GHz [see Fig. 1(a) ]. However, due to the large wafer thickness and resulting standing wave effect, this insertion loss may increase to as large as ∼ 6 dB at certain frequencies, as illustrated in Fig. 1 . However, the insertion loss can be further reduced (to less than 1 dB) by optimizing the Si wafer thickness for half-wave matching at the frequency of interest; application of an antireflection coating can also be applied to further lower the loss. The use of thin Si wafers (also half-wave matched) can provide both lower loss and wider bandwidths.
Combining all of these effects, the overall antenna efficiency for the F = 50 mm broadside FZP is calculated to be −12.8 dB from the measurement data, by taking into account the ∼ 1.5-dB insertion loss. The overall efficiency can be improved by optimizing the aperture efficiency and reducing the wafer insertion loss. Since the diagonal horn antenna employed has a nominal gain of 24 dB [37], the gain (G) for the FZP designs with F = 50 mm is calculated to be 24.9 dB (considering both the 1.5-dB insertion loss from the Si wafer and the 2.4-dB gain from the PI-FZP in Fig. 5 ). The antenna directivity (D) is (G = η · D) 37.7 dB. This is consistent with the calculations (∼ 38.3 dB). Also from the calculation the gain of the PI-FZP antenna is found to be 26.2 dB, considering the 0.6-dB loss through the Si wafer [for perfect matching condition, see Fig. 1(a) ]. The PI-FZP (F = 50 mm) antenna performance parameters are summarized in Table II and compared to a standard WR-1.5 diagonal horn antenna [37] . It should be noted that although the PI-FZP antenna demonstrated in this study has a relatively low overall antenna efficiency as the PI-FZP was utilized in transmission mode, the efficiency can potentially be greatly improved by employing the same principles in a reflective mode antenna [10] . For a potential short-range point-to-point communication link using such PI-FZP antennas at 740 GHz, the total link loss for a 2.5-m distance is calculated to be ∼ 48 dB considering the 24.9-dB gain (for both the transmitting and receiving antennas) and path loss of 97.8 dB [38] . This link budget can be further improved by using reflective-mode antennas with higher gain.
B. Frequency Scaling
From the previous demonstrations, the PI-FZP approach appears to be promising for THz beam steering and forming. This same mechanism can be easily adapted to other THz frequencies for universal and high-speed beam steering and forming, without any prepatterned circuits or active devices. The limits on the highest operating frequency for this approach could be limited by two factors related to the semiconductor wafer employed: 1) the insertion loss introduced at higher frequencies, and 2) the lateral spatial resolution. In terms of insertion loss, highresistivity silicon substrates typically provide relatively low insertion loss for frequencies up to ∼ 2 THz [39] . On the other hand, from our physics-based model, the lateral resolution for THz spatial modulation using the high-resistivity Si wafer was calculated to be ∼ 150 μm. With such a lateral dimension (smallest feature size that can be generated), PI-FZP patterns can be generated for frequencies of up to 2 THz; for higher frequencies, materials with shorter diffusion lengths (controlled by carrier lifetimes and mobility) could be used. On the basis of the aforementioned discussion, the system and technique reported in this paper can be scaled for beam steering and forming for frequencies up to 2 THz using Si-based PI-FZPs. Beyond this frequency, other semiconductor substrates should be considered. 
C. Operation Speed
Another key consideration with the proposed PI-FZP dynamically scanning antennas is the speed with which the PI-FZP pattern can be reconfigured. The reconfiguration speed of the PI-FZP antenna is fundamentally determined by the carrier lifetime of the high-resistivity Si wafer. In the physics-based model (see Section II), the modulation depth was calculated with a carrier lifetime (τ ) of ∼ 10 μs. This provides an estimation for the maximum reconfiguration bandwidth of ∼ 20 kHz (∼ 1/(5τ )) [28] . In addition to this fundamental limit, in practice this approach may also be limited by how quickly the DLP mirrors can be reprogrammed. In our current system, a DLP mirror array with 1.9-kHz switching time has been used, consistent with our measured optical modulation bandwidth of ∼ 1.3 kHz [24] . This is not a fundamental limitation, however; the operation speed of the beam-steering and forming antenna could be greatly improved by employing higher speed DMD chipsets such as the Texas Instruments DLPC410 [40] .
VII. INITIAL DEMONSTRATION OF REMOTE SCANNING IMAGING USING PI-FZP ANTENNAS AT 740 GHz
One promising application for PI-FZP antennas capable of dynamic beam steering and forming is remote scanning THz imaging. In this imaging approach, FZP patterns with different beam-steering angles can be projected on the Si wafer for 2-D scanning a target area for imaging without mechanical scanning, i.e., the PI-FZP antenna works as a receiving antenna. For a prototype demonstration, scanning imaging at 740 GHz using the developed PI-FZP antennas has been performed using the experimental setup shown in Fig. 7 . In this setup, the port 1 of the VNA was utilized to mimic a remote object emitting THz radiation (i.e., the object to be imaged). Port 2 of the VNA (with a diagonal horn) was placed at the focal point of the PI-FZP antenna, and serves as a beam-scanning receiver.
For remote scanning imaging, the source being imaged was placed at a distance of 2.5 m away from the PI-FZP receiving antenna. During the measurement, the PI-FZP patterns were changed under computer control (implemented in MATLAB) to automatically scan the PI-FZP antenna beam over a 2-D area containing the target object. This 2-D area has a field-ofview of ±8
• in the E-plane and H-plane of the antenna. For an initial demonstration of the imaging capability, the source being imaged was placed at three different positions with regard to the imaging area, i.e., center, left, and top, as seen from the optical images in Fig. 8 . Scanning was performed with a 1°increment in both directions, resulting in a THz image with 289 pixels. The measured signal intensities were then plotted and the THz image was obtained.
In Fig. 8 , side-by-side optical images showing the measurement configuration and THz scan results are presented for three different scenarios. The THz images are presented after median filtering to assist interpreting the imaging results. Fig. 8(a) shows the image when the source was placed at the center of the field-of-view. Clearly the highest intensity was detected at the center of the image, as expected. Fig. 8(b) and (c) shows the imaging results when the THz source or the "object" was moved to the right by 7°and top by 7°, respectively. Some artifacts can be seen in the THz images, which can be attributed to the high SLL (for larger steering angles) and/or multiple reflections introduced by the laboratory background clutter. Despite these imperfections, in all three scenarios, the position of the source/object was accurately captured in the THz images, illustrating the effectiveness of the imaging technique using a PI-FZP antenna capable of dynamic beam steering.
One unique advantage of the above THz scanning imaging approach is its high-speed potential. As discussed in Section VI, different FZP patterns can be projected (using commercially available DLP hardware) for beam scanning at a rate as high as 20 kHz. Although the speed of the PI-FZP imaging demonstrated in this work is currently limited by the hardware of the DLP projector and the slow data acquisition procedure from the VNA, a nearly real-time scanning THz imaging with a frame rate approaching ∼ 24 f/s and ∼1-k pixels can be potentially realized by using commercially available faster DMD chipset and improved data acquisition systems. In addition to remote scanning imaging, these high-speed beam-steering and forming antennas are promising for applications in future adaptive THz wireless communication and short-range ultra-high-data rate links.
VIII. CONCLUSION
A promising approach for realizing THz antennas capable of dynamic and simultaneous beam steering and forming has been demonstrated using reconfigurable PI-FZPs. At 740 GHz, both the peak angle and the beam width of the THz radiation from a diagonal horn antenna can be dynamically tuned by changing the optically projected PI-FZP patterns. This approach can be scaled to frequencies up to approximately 2.0 THz, providing a path to low-cost, universal, high-speed THz beam steering and forming. The developed PI-FZP antenna has been successfully demonstrated for THz high-speed, remote scanning imaging at 740 GHz. These THz PI-FZP antennas capable of dynamic beam steering and forming are promising for more advanced applications in THz adaptive wireless communications and short-range high-speed interconnections.
